Early-onset acetylcholine receptor-positive myasthenia gravis is the most studied and better-characterized clinical subgroup of myasthenia gravis. Here we discuss the results of the first comprehensive and unbiased transcriptome sequencing analysis performed on circulating cells of a clinically homogeneous cohort of patients affected by this disease form.
Background
The revolution of next-generation sequencing (NGS) technologies, occurred more than 10 years ago, instantly captured scientists' attention since the massive sequencing performances can accelerate new discoveries in genomic science allowing researchers to deeply explore genomics, transcriptomics, and epigenomics mechanisms involved in human diseases. In particular, the relevance of NGS applications in the field of autoimmune disorders is constantly emerging 1, 2 . For instance, by using RNA-sequencing (RNA-seq), Tsoi et al.
1 discovered tissue-specific long non-coding RNAs (lncRNAs) in the skin of patients affected by psoriasis and several lncRNAs with putative immunological functions, suggesting their contribution to psoriasis pathogenesis. In addition, RNA-seq applied on peripheral blood monocytes isolated from systemic lupus erythematosus (SLE) patients revealed that full-length transcripts of interferon regulatory factor 5, a gene involved in immune reactions and inflammation, had a different expression profile as compared to healthy donor specimens 2 . These and other studies indicate that NGS is an in-depth tool for the analysis of transcriptome, which in turn could reveal molecular alterations potentially involved in disease pathogenesis 3 .
In our study 4 RNA-seq was used to investigate the peripheral transcriptome in patients with myasthenia gravis (MG), an autoimmune disease of the neuromuscular junction (NMJ) 5 . MG is caused by the abnormal production of autoantibodies targeting the acetylcholine receptor (AChR) 6 in roughly 80% of patients. Other autoantibody protein targets, such as muscle kinase receptor and lipoprotein receptor-related protein 4, have also been detected in MG patients [7] [8] [9] . The thymus is generally accepted as being the key organ in which the autosensitisation process takes place in AChR-positive MG patients (AChR-MG), who frequently show anatomical and physiological thymic changes including hyperplasia and thymoma [10] [11] [12] . Several studies showed that MG thymus is characterized by a chronic inflammatory status, probably related to the activation via Toll-like receptor (TLR) engagement of innate immunity against persistent viral infections, which may interfere with immunological tolerance and lead to autoimmunity onset or perpetuation [13] [14] [15] [16] . A deep characterization of the molecular alterations connecting intra-thymic MG pathogenesis with the peripheral autoimmune responses explicated at the NMJ is however poorly known.
MG is a complex and heterogeneous disorder presenting clinical variations in age at onset, autoantibody specificity, disease severity, and thymic involvement. Its heterogeneity also manifests as variable patients' responses to the therapeutic treatments (e.g. acetylcholinesterase inhibitors, azathioprine, steroids, and thymectomy), which lead to complete stable remission in only a proportion of patients, thus underlying the need to identify the exact molecular events contributing to the disease 17, 18 .
Identification of peripheral dysregulated transcripts and microRNAs in AChR-EOMG
Through RNA-seq we analysed the transcriptional pattern of peripheral blood mononuclear cells (PBMCs) of the better-characterized MG clinical subgroup, the AChR-MG patients with a disease onset under the age of 50 years (AChR-EOMG). We studied a clinically homogenous group of MG patients consisting in 19 patients untreated or treated with non-steroid therapy, with the aim of reducing variability between among patients and gaining knowledge about the molecular changes arising in the periphery of AChR-EOMG patients.
The use of RNA-seq technology, never before applied in MG, allowed us to identify 128 annotated coding transcripts and 229 lncRNAs, including 9 microRNA precursors (premiRNAs), as dysregulated in AChR-EOMG PBMCs compared to age-and gender-matched healthy donors. We focused on the dysregulated coding transcripts and miRNAs, therefore future studies are needed to clarify the relevance of the identified dysregulated lncRNAs in MG.
Bioinformatics analysis showed that 'infectious disease', 'inflammatory disease' and 'inflammatory response' functional categories were significantly enriched in dysregulated transcripts. Validation of selected coding transcripts supported the evidence that PBMCs of our cohort of AChR-EOMG patients presented altered 'infectious-related' and 'inflammatory-related' transcripts, including Charcot-Leyden crystal galectin (CLC), eukaryotic translation termination factor 1 (ETF1), interleukin 4 (IL4), nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 (NFKB2), polo-like kinase 3 (PLK3), and protein phosphatase 1 regulatory subunit 15A (PPP1R15A) for the former group, and ATP-binding cassette sub-family A member 1 (ABCA1), fused in sarcoma (FUS), and v-rel reticuloendotheliosis viral oncogene homolog B (RELB) for the latter. Of note, none of the patients, except one, had a chronic viral infection at time of blood collection, suggesting that the dysregulated molecules we identified were not merely influenced by a random event but might have a pathological meaning in AChR-EOMG. Based on literature findings, the involvement of IL4 and PPP1R15A in MG is of particular interest 19, 20 . IL4, a multiple functional cytokine, might have a protective action in the experimental model of MG participating in the prevention of AChR-specific autoimmune response 19 . Moreover, Uzawa et al. 20 showed that IL4 serum levels were decreased in MG patients compared to healthy controls. In agreement with these observations, we found a down-regulation of IL4 transcript in AChR-EOMG PBMCs, thus further supporting the critical role of IL4 in MG that could be hypothetically linked to a mechanism by which the reduction of the protective IL4 may contribute to disease progression in periphery. With regards to PPP1R15A, a DNA damage-inducible protein, it is found to be essential for the TLR3-mediated cytokine release (e.g. IFN-β) during viral infection in mice 21 . Interestingly, it has been recently showed that the activation of IFN-β-mediated TLR3-dependent signalling pathway increased the expression of AChR α subunit in thymic epithelial cell cultures, as well as the production of anti-AChR autoantibodies in experimental autoimmune MG mice 13 . In our study, we observed an up-regulation of PPP1R15A transcript in AChR-EOMG PBMCs that might contribute to skew the inflammatory fine balance, probably via TLR alterations, thus participating in the maintenance of the autoimmune reaction in periphery.
Our overall transcriptome results are in line with literature data showing a key role of infection-related and inflammatory pathways in the intra-thymic MG pathogenesis 13, 15, 16, 22 . Though further studies are indispensable to explore the functional role of the dysregulated molecules we identified, our data disclosed the possible contribution of a new molecular signature in MG.
MiRNAs are small non-coding RNAs having a posttranscriptional regulatory function of the gene expression that may potentially influence thousands of target proteincoding genes; therefore they may have a relevant impact in almost all biological processes 23, 24 . A critical involvement of miRNA dysregulation has already been reported in several autoimmune disorders, including rheumatoid arthritis and SLE 25, 26 . In MG, the contribution of miRNAs is rapidly emerging, although little is known about how their altered mechanisms of action underlie disease pathogenesis. Of note, recent studies identified miR-21-5p and miR-150-5p as potential MG-specific serum biomarkers, since their circulating levels were increased in MG patients as compared with patients affected by other autoimmune disorders (e.g. psoriasis) and to healthy donors 27, 28 . Our RNA-seq study in PBMCs showed that miR-612, miR-3654, miR-3651, and pre-miR-3651 levels were increased in AChR-EOMG patients as compared to controls. These miRNAs have been recently annotated, and the lack of findings about their exact role in human diseases makes it difficult to contextualise them in a biological prospective, especially for the high complexity of miRNAmRNA target interactions. Nonetheless, we predicted interactions between miR-612 and two putative target transcripts, HRH4 and AKAp12, that our data revealed to be differentially expressed in AChR-EOMG PBMCs. Specifically, we found an anti-correlation between the expression levels of miR-612 (up-regulated) and those of HRH4 and AKAp12 (down-regulated), that suggested the involvement of these dysregulated miRNA-mRNA pairs in MG.
Conclusions
Our findings revealed a novel dysregulated signature in peripheral blood cells of AChR-EOMG patients. In particular, we showed that 'infection-' and 'inflammationrelated' molecules may contribute to the perpetuation of the peripheral autoimmune responses in AChR-EOMG. This transcriptome analysis provided new knowledge about the molecular features underlying MG pathogenesis and paved the way to the development of target-specific therapeutic interventions in the disease. Future studies will describe the functional role of the molecules we found differentially expressed. Along with the described molecules, our highthroughput approach produced a massive amount of data, which may be hardly addressed by classical biological techniques. Hence, system biology approach will help understanding and, possibly, elucidating the intrinsic high complexity of MG.
